Introduction
The worldwide high-tech products market is one of the most dynamic industrial segments. High-tech supply chains, particularly the electronics, operate at one hand directly with consumers and on other hand with the industrial markets. For both markets, responsiveness in forward and reverse chains is a prerequisite. With sharp decline in the profit margins, the after-sales services and activities to support consumers and the product disposal have become not only a source of profit but also a key differentiation for customer satisfaction. Here, we describe some of the return flow challenges in the high-tech supply chain of business to consumer (B2C) nature and make suggestions for improving the long-term return network design decisions. These flows are mainly warranty and service returns.
After sales returns are endemic in high-tech, with rates as high as 20% in some sectors (Thrikutam & Kumar, 2004 ) and the industry global nature requires many high-tech supply chain examine carefully their Return Supply Chain flows (RSC) (Cheng & Lee, 2010) . Also from the economic point of view, according to the Bundschuh and Dezvane (2003) , after sales services market has been found to be up to four or five times larger than the market for new products.
In general, the RSC network design challenges are: (a) customer related, these are usually related to customer return order cycle time (on time to request) and flexibility and adaptability of return/repair operations to the changing market requirements; (b) cost related, this requires maintaining cheapest cost solution while customer service is not endangered; and finally (c) asset related, here the idea is to better utilize the fixed assets in order to meet financial requirements.
Currently, all three are priorities for high-tech RSC.
The short-life cycle of products due to high level of technical and market uncertainties; rapidly declining prices (D'Cruz, 2010) ; and rapid technological obsolescence (White et al., 2003) all have an amplifying effect on the uncertainties and degree of returns. Therefore, repair centers are increasingly "demand driven".
Under such circumstances, minimal inventories of components and parts are maintained and most of it is circulating, thus the increasing importance of the location and transport component in RSC network design decisions. The operational management of such a system relies heavily on warehousing management capabilities, advanced information systems, and repair process activities to insure that parts and/or products are delivered to repair centers when required (on demand) and repaired products are sent back to consumers within the requested lead-time (on time).
Summarizing the situation, the design of RSC is rather involved multi-objective problem. The return responsiveness not only impacts the customer satisfaction but also on the increased forward demand. This responsiveness is a function of the size, location, and utilization of collection and repair centers. For example, the likely exponential increase in return demand in the early phase of product introduction, requires proximity of collection centers to the market regions, so that a pool of returned products are quickly checked and dispatched to repair-centers.
The proper sizing and a balanced utilization of repair centers would avoid bottlenecks and impact the speed of the return flow. Therefore, the RSC design is a strategic decision.
Major high-tech chains have restructured their RSC strategies through the introduction of outsourcing the return flow and services, centralized (outsourced) repair centers with a number of collection centers, see for example Cheng and Lee (2010) . Centralization is not always best solution; it might reduce the overall costs but not necessarily increase the responsiveness and demand driven nature of repair centers. The multi-echelon and the multi-objective nature of RSC design problem is mostly overlooked in the process of outsourcing. And the third-party providers usually focus on optimizing own entire activities, rather than a particular client. Therefore, analyzing such a problem is important to the companies owning own RSC and those that have subcontracted it as a mean to measure the subcontractor's performance.
The problem of locating return centers has attracted considerable attention of the academicians and practitioners recently. When the current literature investigated, it can be concluded that most of the RSC network design problems are modeled in deterministic environment (Srivastava, 2008; Yongsheng & Shouyang, 2008; Beamon & Fernandes, 2004; Pishvaee et al., 2010) . However, the uncertain nature of the reverse logistics environment has not been considered very often until now.
As Qin and Ji (2010) suggest, uncertainty is one of the characteristics of logistics networks with product recovery. Earlier Lee and Dong (2009) stated that it would be useful to have a comprehensive quantitative study concerning the impact of uncertainty on recovery network design and the appropriateness of traditional approaches for capturing this element. Even though some common denominators can be found, the uncertainties of the design environment vary from one case to another case. Demand (or quantity) uncertainty Zhang et al. (2010) , Xiao et al. (2010) , Qin and Ji (2010) , Amaro and Barboso-Povoa (2009) , Dong (2009), Chouinard et al. (2008) , El-Sayed et al. (2010) , Salema et al. (2007) , Biehl et al. (2007) , quality uncertainty (Qin & Ji, 2010 ; Chouinard et al., 2008) price uncertainty (Amaro & Barboso-Povoa, 2009) , lead times or timing uncertainty (Lieckens & Vandaele, 2007; Biehl et al., 2007) are some of the investigated uncertainty dimensions of return networks. The modelling efforts to include these uncertainty dimensions vary. Here we have highlighted a few approaches along with the type of uncertainties considered ( Table 1) .
As can be seen from Table 1 , consideration of uncertainty in the RSC literature is relatively new and the number of papers has been increasing in the recent years.
Under the category of robust optimization, Realff et al. (2000) propose a model trying to minimize the maximum deviation of the performance of the network from the optimal performance under a number of different return scenarios for used carpet RSC. A supplementary study was proposed by Realff et al. (2004) utilizing robust optimization where demand decays with distance from collection centers. Hong et al. (2006) propose a scenario based robust optimization model for supporting strategic e-scrap reverse production infrastructure design decisions under uncertainty. As a second category stochastic programming is also used to cope with the uncertainty inherent to RSC systems. Listeş and Dekker (2005) There is however very limited number of papers taking into account simultaneously the uncertainties related to return quantity, quality, and the lead-time.
Utilized Techniques
This paper is organized as follows: In Section 2, we brief the return chains network design of high-tech products. In this section we present the modeling approach.
Section 3 presents a fuzzy based multi-objective linear programming solution methodology to solve the problem. Section 4 briefs numerical results. Finally, in
Section 5 conclusions are drawn.
Return Supply Chain Network Design: Modeling Approach
Uncertainty degrees and types depend on the case understudy, for example, in some cases; expected return volume variation may be relatively small for the products with relatively long life-cycles. Such uncertainties can be studied through sensitivity analyses. For high-tech products however return volume is unknown, in general. This return behavior can be easily formulated as different fuzzy sets.
Uncertainty can be included in the modeling process in different ways. Ilgın and Gupta (2010) Some assumptions are made as follows:
• It's assumed that spare parts required for the repairable products with relatively more repair needs are brought from manufacturing facilities based on the demand. The replenishment time including the transportation times and repair times are given and known.
• Each customer is assumed to be a group of customers located in close vicinity.
• Transportation costs between a disposal center and RCs are assumed to be included in the disposal costs.
• The total of rejected and repairable products percentages (with slight and important repair needs) is equal to one.
• New product cost for returned products that cannot be repaired (rejected) is a function of collection center from which the products comes and subject to dependencies like currency rate and tax rate. 
First objective (OF1): net cost minimization
The first objective function is cost minimization (Equation 1 ). This function includes transportation cost, CC renting cost, RC establishment cost, inspectionclassification-overhauling cost, new product costs for rejected repairs, repairing costs in RCs.
(1)
The components of the first objective function can be explained as below.
The total transportation costs from customers to the CCs, from the CCs to the RCs can be represented as Equations 2-3, respectively. 
Second objective (OF2): maximization of weighted product volume assigned from

CCs to RCs
The second objective function is the maximization of the weighted product volume assigned from CCs to RCs (Equation 10). Here, the weighting for the qualitative factors is realized for RCs via AHP.
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Third objective function (OF3): total tardiness minimization
The third objective function is the minimization of the total tardiness from the customers expected service time (i.e. promised service time in guarantee contract) (Equation 11). 
Methodology
An integrated Analytical Hierarchy Process (AHP) and weighted max-min approach is utilized in this study. Objective function and repair center weights are calculated via AHP. Using these weights and input data, Fuzzy Goal Programming (FGP) model is solved via weighted max-min approach.
AHP approach for objective functions and repair centers evaluations
In order to calculate the objective function weights, AHP approach is utilized (Saaty, 1980) . Our four objectives weights are calculated via pair wise comparisons with respect to their contribution to the main objective (to find best RSC network for the decision makers (DM)).
Repair centers' weights are calculated considering the criteria obtained from Tuzkaya and Gülsün (2008) , Tuzkaya, Gülsün and Önsel (2011) . The evaluation criteria are transportation, environmental, social-political, economical and technical.
Similar to objective function weighting, for this purpose the DM preferences for pair-wise comparison are solicited.
Weighted max-min method
In this study, we utilized the FGP approach of Lin (2004) 
Step 3. Specify the degree of membership ) ) ( ( ax f i i for each objective i,
Step 4. To convert the FGP approach to an equivalent linear programming model, introduce the auxiliary variable λ,
Step 5. Calculate the weight of objective functions and repair centers using AHP,
Step 6. Solve the linear programming model.
Numerical Results
In this study, a hypothetical case of a LCD-monitor return supply chain network design is solved. In this example, for the after sales services we consider twenty customers clusters, four collection centers, three repair centers. Input data related with distances, transportation times between nodes and demand of customers for one planning period, yearly rental costs of collection centers and establishment costs of repair centers are shown in Table 2 . Unit inspection costs for RC1, RC2 and Although distances between nodes have an important effect on return times, they are also assumed to be influenced by the road conditions and transportation types.
Hence, vehicle transportation times per km are not same for the every route.
Analyses and Discussion
To construct the membership functions of objective functions, first the model is solved separately for each objective. By doing this, best values are obtained.
Secondly, objective function values are obtained for the other objectives' global solutions. Between these values, the worst one for each objective is the objective's worst value. These results are summarized as in Table 3 .
After constructing the membership functions, problem is solved with integrated AHP-weighted max-min approach via Lingo 9.0 solver program. Obtained results are summarized in Tables 4, 5 , 6, 7, 8 and 9 for different objective function weight combinations. First objective weight combination is W= (0.56, 0.06, 0.12, 0.26) and these weights are the results of AHP and DM preferences. In this weight combination, all collection centers are supposed to be rented (Table 4 , 5 and 6).
However, with the change in the objective function weight combinations, those assignment volumes are observed to be changed. As an example, while weight of OF1 is decreasing, the assignment volume to CC3 is increasing since the rental cost of this collection center is the most expensive one and the assigned volume is low when total cost is important.
When repair center's assignments are considered, it is observed that first two repair centers are decided to be opened for all objective function weight combinations (Table 7, 8 and 9) . Also, while the second objective function's weight is increasing, the assignment volume of RC1 is increasing similarly. It is an expected situation, since the second objective is the weighted assignment maximization to the repair centers and the RC1 has the biggest weight between the others. All these analyses show the sensitivity of the model to the parameter changes.
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Conclusions
In this study after sale services RSC for high-tech industry is investigated. After The model is in development phase. Considering the need for solution simplicity; some assumptions are made especially related to the third and fourth objectives.
For example, regardless of number of opened facilities, average capacity utilization is considered in the fourth objective to avoid nonlinearities. Such simplify assumption must be relaxed and a new formulation is needed.
With utilization of weighted max-min approach, the main aim is to maximize the value of the worst objective. This approach may cause loses about some improvement potentials for the other objective functions. The solution methodology can be more effective with a two phase approach in which a weighted average operator can be utilized in the second phase. With the improved model and twophase approach, there might be a need to employ a meta-heuristic.
